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Originality-Significance Statement.  37 

 While the microbiology and effects of hydraulic fracturing of shale plays in 38 

the Appalachian Basin has been examined, to date, no study has examined the 39 

extant microbial communities of coalbed methane wells in the Appalachian Basin, 40 

which represents a microbial reservoir for stimulation of coalbed methane or 41 

mitigation of methane release. We combined metagenomics and genome-resolved 42 

metabolisms to identify microbial communities and metabolic potential across 8 43 

geographically distinct coalbed methane wells within the Appalachian Basin, 44 

revealing the predominance of hydrogenotrophic methanogens from the order 45 

Methanomicrobiales, and less abundant, diverse potential hydrocarbon degraders.  46 

 47 

  48 
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Summary 49 

Coalbed deposits are a unique subsurface environment and represent an 50 

underutilized resource for methane generation. Microbial communities 51 

extant in coalbed deposits are responsible for key subsurface 52 

biogeochemical cycling and could be utilized to enhance methane 53 

production in areas where existing gas wells have depleted methane stores, 54 

or in coalbeds that are unmined, or conversely be utilized for mitigation of 55 

methane release. Here we utilize metagenomics and metagenome-56 

assembled genomes to identify extant microbial lineages and genome-57 

resolved microbial metabolisms of coalbed produced water, which has not 58 

yet been explored in the Appalachian Basin. Our analyses resulted in the 59 

recovery of over 40 metagenome-assembled genomes (MAGs) from eight 60 

coalbed methane wells. The most commonly identified taxa among samples 61 

were hydrogenotrophic methanogens from the order Methanomicrobiales 62 

and these dominant MAGs were highly similar to one another. Conversely, 63 

low-abundance coalbed bacterial populations were taxonomically and 64 

functionally diverse, mostly belonging to a variety of Proteobacteria classes, 65 

and encoding various hydrocarbon solubilization and degradation 66 

pathways. The data presented herein provides novel insights into 67 

Appalachian Basin coalbed microbial ecology, and our findings provide new 68 

perspectives on underrepresented Methanocalculus species and low-69 

relative abundance bacterial assemblages in coalbed environments, and 70 

their potential roles in stimulation or mitigation of methane release.  71 
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Introduction 72 

As conventional natural gas resources become depleted, unconventional 73 

gas technologies are emerging with greater importance for global energy security. 74 

Coalbed methane (CBM) or coal seam gas is an unconventional gas technology 75 

that relies on underutilized natural methane repositories trapped in subsurface 76 

coalbeds. CBM wells provide access to subsurface methane deposits at a reduced 77 

cost and environmental impact relative to traditional mining practices (Rajaram V, 78 

2005).   An estimated 40% of the U.S.-based CBM is biogenic (Thielemann et al., 79 

2004, Strąpoć et al., 2011) and there is growing interest in understanding the 80 

biogeochemical processes in coalbed deposits, as these microbial communities 81 

may be potential indicators of productive CBM wells and in turn may be utilized to 82 

enhance in situ production of methane (Ritter et al., 2015). Research in this area 83 

offers insights into unique metabolisms of subsurface microbial communities that 84 

affect methane production and ultimately, the global energy supply and global 85 

carbon cycling.   86 

Biogenic methane production from coal proceeds through three main steps, 87 

1) liberation of fermentable substrates (soluble organic intermediates including 88 

alkanes, aromatics, and long-chain fatty acids) from the coal surface, 2) 89 

degradation of fermentable substrates, and 3) methanogenesis (Jones et al., 2010, 90 

Orem et al., 2010, Bugg et al., 2011). Liberation of fermentable substrates from 91 

the coal surface can occur through several coal activation pathways, including 92 

methylation, addition to fumarate, hydroxylation, and C1 addition/carboxylation 93 

(Tierney & Young, 2010, Widdel & Grundmann, 2010, Widdel & Musat, 2010). 94 
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Biological conversion of coal to methane is complex and requires multiple 95 

enzymatic steps, performed generally by a diverse set of microorganisms, 96 

including hydrocarbon degraders and methanogens (Jones et al., 2010), though 97 

recent work has shown a single organism can convert methoxylated aromatic 98 

compounds into methane (Mayumi et al., 2016). Coalbeds are complex 99 

heterogeneous systems with well to well spatial and temporal variability that 100 

shapes coalbed microbial community dynamics (Lawson et al., 2015, Vick et al., 101 

2019). Structurally, coal seams contain a cleat system of connected small pore 102 

spaces (<50 nm in diameter), and depending on the coal type and rank, have a 103 

range of permeability. The physical inaccessibility and recalcitrance of coal 104 

makes the coal-to-methane conversion process slow, and the rate-limiting step 105 

is hypothesized to be the initial attack on the coal (Kleinsteuber et al., 2012). 106 

Due to the complexity of biological coal-to-methane conversion, the microbial 107 

community, and the metabolic pathways responsible for this process, remains 108 

largely undefined. Unraveling these pathways and the associated community of 109 

microorganisms is paramount to understanding biogenic methane production in 110 

Appalachian Basin coal seams, and its contribution to global carbon cycling.  111 

Microbial ecology of subsurface coalbed environments has relied upon 16S 112 

rRNA gene sequencing (Strąpoć et al., 2008, Zhang et al., 2015, Barnhart et al., 113 

2016), which provides important information about microbial community structure 114 

and diversity but lacks functional data and often yields low taxonomic resolution 115 

(genus level and higher) (Hillmann et al., 2018). Furthermore, commonly used 116 

PCR primers are subject to amplification bias and can preferentially target specific 117 
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taxa (Jones et al., 2015, Eloe-Fadrosh et al., 2016). Metagenomic sequencing can 118 

alleviate some of these concerns, providing improved taxonomic resolution and 119 

potential metabolic functions of a microbial community, which can be further 120 

resolved to genomes. A limited number of studies have utilized metagenomics to 121 

characterize the metabolic potential of CBM systems (An et al., 2013, Evans et al., 122 

2015, Lawson et al., 2015, Robbins et al., 2016). To our knowledge, no study has 123 

yet explored coalbed microbial assemblages from the Appalachian Basin, which is 124 

an energy rich geologic formation that stretches from New York to Alabama and is 125 

one of the most productive energy regions in the United States (www.eia.gov). 126 

Here we present an in-depth metagenomic investigation of Appalachian 127 

Basin coalbed microbial populations, with correlation to the geochemical 128 

signatures of the produced water. Our microbial exploration includes taxonomic 129 

profiling of the previously uncharacterized microbial communities using 130 

unassembled shotgun metagenome sequencing reads, and genome-resolved 131 

functional potential of dominant microbial community members through re-132 

construction and manual curation of metagenome-assembled genomes (MAGs).  133 

Our results demonstrate that the Appalachian Basin is taxonomically 134 

distinct from previously characterized coalbed basins, with metagenome samples 135 

predominantly comprised of Archaea from the Order Methanomicrobiales. 136 

Genome-resolved metabolisms of metagenome-assembled genomes (MAGs) 137 

revealed the potential for hydrogenotrophic methanogenesis, as well as saline 138 

tolerance mechanisms utilizing compatible solute transport of glycine/betaine.  139 

Conversely, bacterial MAGs were less abundant and taxonomically diverse, 140 
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including known hydrocarbon degraders (Pseudomonas, Marinobacter, 141 

Hyphomonas, and Arcobacter), sulfate reducers (Desulfobacteraceae and 142 

Desulfobulbaceae), iron reducers (Shewanella), and acetogens (Acetobacterium). 143 

Furthermore, our data suggest that the microbial community composition and 144 

potential functionality is driven, in part, by produced water salinity and the available 145 

methanogenic substrates. Overall, Appalachian Basin produced water 146 

metagenomes contain a taxonomically diverse group of microorganisms 147 

responsible for the breakdown of coal substrates into various intermediates that 148 

serve as substrates for highly similar hydrogenotrophic methanogens for methane 149 

production. Characterization of the extant microbial communities and elucidation 150 

of genome-resolved metabolisms in this environment is a necessary first step 151 

towards informed strategies for enhanced methane production or mitigation of 152 

unwanted methane leakage. 153 

 154 

  155 
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Experimental Procedures.  156 

Experimental workflow is presented in the Supplementary Material 157 

(Supplementary Fig. S1).  158 

 159 

Sample collection and chemical characterization.  160 

Produced water samples were collected from eight separate coalbed methane 161 

wells from the Appalachian Basin. Samples were obtained from wells that were not 162 

exposed to any injection fluids or material. The fluid of these samples will be 163 

referred to as “produced water” throughout the manuscript. This fluid may have 164 

input from meteoric sources, and further research is required to understand the 165 

extent of this type of fluid infiltration. Samples were extracted from CBM wells 166 

named Key8, Key7, K34, K35, P21, BB137, MC79, and L32A, at a depth of 796 167 

ft., 1,201 ft., 1,704 ft., 1,912 ft., 1,961 ft., 1,980 ft., 2,239 ft., and 2,578 ft., 168 

respectively. All samples were obtained from the Pocahontas 3 coal seam in 169 

December 2015 [Buchanan County, VA (K34, K35, P21, L32A); Tazewell County, 170 

VA (BB137); and McDowell County, WV (MC79)] except for Key8 (Middle 171 

Kittanning) and Key7 (Upper Kittanning/Brookville “A”), which came from Indiana 172 

County, PA and Westmoreland County, PA, respectively. Produced water samples 173 

were collected in sterile 1L bottles, placed on ice (immediately following extraction 174 

from the well), and frozen upon arrival at NETL. The coal rank associated with 175 

produced water ranged from low/medium volatile bituminous (K34, K35, P21, 176 

BB137, MC79, and L32A) to medium/high volatile bituminous (Key7 and Key8). 177 

Due to confidentiality agreements with drilling companies, well-specific methane 178 
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production data was unavailable, therefore the cumulative Appalachian Basin 179 

coalbed methane production was estimated between 10 billion cubic feet (BCF) to 180 

1 trillion cubic feet (Milici & Polyak, 2014). 181 

Major and trace cations and anions (Na, Ca, Mg, K, Fe, Sr, Ba, Li, Mn, and 182 

Cl) were measured at the Pittsburgh Analytical Laboratory (National Energy 183 

Technology Laboratory, Pittsburgh, Pennsylvania, USA) following EPA methods 184 

6010C and 300.1 using ICP-OES (Perkin Elmer Optima 7300 DV) and IC (Dionex 185 

Ion Chromatograph). Samples were run in duplicate, with average values being 186 

recorded (Supplementary Table S1). 187 

 188 

DNA extraction, and metagenome sequencing.  189 

Aliquots of coalbed produced water (50 mL) were filtered through a 0.2-μm filter 190 

and DNA was extracted from the filter using the MoBio PowerSoil or PowerWater 191 

DNA Isolation Kits (Carlsbad, CA), according to manufacturer's instructions. For 192 

shotgun metagenome sequencing, DNA libraries were prepared using the Nextera 193 

XT DNA Library Preparation Kit according to manufacturer's protocol (Illumina, 194 

San Diego, CA). Paired-end sequencing reads (2 x 300 bp) were generated on an 195 

Illumina MiSeq with the MiSeq v3 Reagent Kit (600 cycles) (Illumina, San Diego, 196 

CA) (Supplementary Table S2).  197 

 198 

Taxonomy classification of unassembled metagenome reads. 199 

Initial taxonomic inference of reads was performed with Kaiju using the NCBI nr 200 

protein database in ‘greedy mode’ with a minimum match length of 11, minimum 201 

match score of 75, and 5 allowed mismatches (Menzel et al., 2016). Individual 202 
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unassembled metagenome reads from the Appalachian Basin (8 samples, this 203 

study), Alberta basin (metagenome accession numbers SRX211003; SRX211004; 204 

SRX210875), San Juan Basin (SRX210867; SRX210868; SRX210869; 205 

SRX210870), or Powder River Basin (metagenome accession numbers 206 

SRX9501106; SRX9501107; SRX9501108) were analyzed with Kaiju. Re-207 

constructed full-length 16S rRNA gene sequences were obtained from 208 

metagenome reads using EMIRGE (Miller et al., 2011), within the PhyloFlash 209 

software (Gruber-Vodicka et al., 2020).   210 

 211 

Read-based microbial abundance correlation.  212 

Read-based taxonomy (Archaea and Bacteria relative abundance) was correlated 213 

to major and minor cation/anion concentrations with Spearman rank coefficients 214 

using vegan in R (version 2.4-0) (Jari Oksanen, 2013, Team, 2018) 215 

(Supplementary Table S1).  216 

 217 

Assessment of hydrocarbon degradation potential with unassembled 218 

metagenome reads. 219 

Metagenome reads were uploaded to the MG-RAST server. Potential hydrocarbon 220 

degradation pathways were examined using COG and subsystems and the total 221 

number of hits for specific genes were compiled for each individual metagenome. 222 

Hits were normalized to reads per million (RPM), with the total number of reads 223 

per metagenome divided by 1,000,000 to obtain a ‘per million scaling factor’. The 224 

total number of hits were divided by the per million scaling factor to obtain RPM, 225 
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which is represented in Figure 1C. Hydrocarbon degradation pathways examined 226 

include oxygen-dependent and oxygen independent activation and 227 

dearomatization (An et al., 2013). 228 

 229 

Metagenome assembly. 230 

Paired-end reads were assembled individually from each sample using 231 

metaSPAdes version 3.8.0 (Nurk et al., 2017) with error correction, and with k-mer 232 

values of 33, 55, and 77. Assembly quality metrics (e.g., GC-content, N50, number 233 

of contigs, longest contig) were assessed using QUAST (Gurevich et al., 2013) 234 

(Supplementary Table S3). Percentage of reads mapping to contigs was 235 

performed with the ‘map reads to contigs’ tool in the CLC Genomics Workbench 236 

version 8.5.1 (CLC Bio, Aarhus, Denmark), using the following parameters: no 237 

contig masking, match score = 1, mismatch cost = 2, insertion open cost = 6, 238 

insertion extend cost = 1, deletion open cost = 6, deletion extend cost = 1, length 239 

fraction = 0.5, similarity fraction = 0.8, auto-detect paired distances = on, non-240 

specific match handling = map randomly (Supplementary Table S4).  241 

 242 

Metagenome binning, and quality metrics of metagenome-assembled 243 

genomes (MAGs). 244 

Contigs generated from individual metagenome assemblies (>500 bp or >1000 bp) 245 

were binned using reference-independent methods in the software package VizBin 246 

(Laczny et al., 2015) (Supplementary Table S5). Completeness of metagenome-247 

assembled genomes (MAGs) was assessed with CheckM (v1.0.8), using single-248 
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copy marker genes (Parks et al., 2015). The lineage_wf was initially employed and 249 

bin phylogeny was corroborated with BLASTn (Altschul et al., 1990) and 250 

Phylopythia (Gregor et al., 2016). The bins were further interrogated using the 251 

user-defined taxonomy_wf in CheckM to obtain genus-level resolution of each 252 

MAG, when possible. MAGs generated from contig binning were annotated using 253 

the RAST annotation server (version 2.0; RASTtk annotation scheme) (Aziz et al., 254 

2008) and PROKKA (Seemann, 2014).  255 

Manual curation of MAGs was performed using output from CheckM and 256 

RAST. For example, marker genes that were found multiple times throughout the 257 

genome were BLASTed against the genome in RAST. The contig containing the 258 

‘duplicate’ marker gene was removed if the length and quality were poor, and the 259 

remaining sequence data did not contain any unique protein coding sequences. 260 

Quality designation for metagenome assembled genomes (MAGs) was based 261 

upon metagenome-assembled genome (MIMAG) (Bowers et al., 2017) standards 262 

developed by the Genomic Standards Consortium (GSC), with high-quality draft 263 

genomes having >90% completion, <5% contamination, with 23S, 16S, and 5S 264 

rRNA genes and >18 tRNAs.  Medium-quality draft genomes were characterized 265 

by having >50% completion, and <10% contamination, while low-quality draft 266 

genomes were <50% complete and <10% contamination (Supplementary Table 267 

S5). 268 

To further corroborate taxonomic assignment using CheckM, BLASTn, and 269 

Phylopythia, the most complete 20 MAGs (>50% complete, <10% contamination) 270 

were uploaded to the KBase server (www.kbase.us) and taxonomic assignments 271 

http://www.kbase.us/


 

12 

for MAGs were examined with the ‘Classify Microbes with GTDB-Tk’ (V1.7.0) 272 

(Chaumeil et al., 2019) (Supplementary Table S5). Initial metabolic 273 

characterization of each individual MAG was performed with the ‘Annotate and 274 

Distill Assemblies with DRAM’ application (kb_v0.1.0) with a minimum contig 275 

length of 1000, bit score threshold of 60, and reverse bit score threshold of 350. 276 

Within DRAM, Prodigal (Hyatt et al., 2010) was used to detect open reading frames 277 

(ORFs) and predict amino acid (AA) sequences. Characterization (annotation) of 278 

AA sequences was performed using the KEGG, UniRef90, and MEROPS 279 

databases (Shaffer et al., 2020). Specific hits to CRISPR sequences were 280 

identified for each MAG and compiled into a single file, including gene description, 281 

KEGG number, and CRISPR type/subtype (Supplementary File 3). For CRISPR-282 

Cas proteins, the total number of CRISPR hits for each genome/MAG was 283 

normalized to genome/MAG size by dividing the total number of CRISPR-Cas hits 284 

by the genome/MAG size (in bp) and multiplying by a million. CRISPR repeats and 285 

CRISPR spacers were identified in RAST (Supplementary File 3). 286 

 287 

Phylogenetic analysis using 16S rRNA gene sequences from 288 

Methanocalculus MAGs.  289 

The 16S rRNA gene sequence was identified in each Methanocalculus MAG and 290 

sequences were compiled with 16S rRNA gene sequences from top BLASTn hits 291 

using MEGA (Tamura et al., 2013). Briefly, 16S rRNA gene sequences from 292 

Methanocalculus MAGs were individually BLASTed against the NCBI nr/nt 293 

nucleotide collection, optimized for highly similar sequences (megablast). The best 294 
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matches to each 16S rRNA gene sequence, including cultured and uncultured 295 

representative sequences, were used to construct a phylogenetic tree using the 296 

Maximum Likelihood method (Tamura-Nei model). Details on tree construction are 297 

provided in the Supplementary Figure S5 legend.  298 

 299 

Phylogenetic analysis of Methanomicrobiales MAGs using McrA.  300 

McrA protein sequences were identified through manual examination of genomes 301 

in RAST (Aziz et al., 2008). McrA sequences from the Methanocalculus and 302 

Methanoregula MAGs were analyzed using the non-redundant (nr) protein 303 

database in the BLAST algorithm of the NCBI database. Top hits (query coverage 304 

=100%, percent identity >80%, E-value = 0) from Methanomicrobiales were 305 

combined into a single fasta file with the CBM McrA sequences. Sequences were 306 

aligned using MUSCLE (Edgar, 2004), and a Neighbor-Joining tree (bootstrap 307 

value = 1000) was generated using MEGA using default settings (Tamura et al., 308 

2013). Details on tree construction are provided in the Supplementary Figure S6 309 

legend. 310 

 311 

Average nucleotide identity/average amino acid identity of 312 

Methanomicrobiales MAGs.  313 

Nucleotide sequences and amino acid sequences for each MAG were uploaded 314 

to the enve-omics ANI/AAI distance matrix calculator to calculate an all against all 315 

average nucleotide identity and average amino acid identity across all MAGs 316 
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(http://enve-omics.ce.gatech.edu/g-matrix/) (Goris et al., 2007, Rodriguez-R & 317 

Konstantinidis, 2016) (Supplementary Table S6).  318 

 319 

Data availability.   320 

The datasets generated and/or analyzed during the current study are available on 321 

the Energy Data Exchange (EDX) page 322 

(https://edx.netl.doe.gov/dataset/appalachian-basin-metagenome-sequencing-323 

reads). Appalachian Basin metagenome reads were deposited under the 324 

BioProject PRJNA874672. Metagenome read files and metagenome-assembled 325 

genomes can also be accessed via the kBase webserver 326 

(https://narrative.kbase.us/narrative/105685). Sequence data for the Alberta Basin 327 

(CO182, CO183, Trident 1560D) and San Juan Basin (CG7, CG8, CG13, CG19) 328 

were retrieved from the SRA database under the BioProject PRJNA183510. 329 

Powder River Basin samples were retrieved from the SRA database under the 330 

BioProject PRJNA678021.  331 

 332 

  333 

http://enve-omics.ce.gatech.edu/g-matrix/
https://edx.netl.doe.gov/
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Results  334 

Appalachian Basin produced water geochemistry.  335 

Produced water was collected from eight Appalachian Basin coalbed methane 336 

wells, ranging in depth from 796 ft to 2,578 ft (Fig. 1). Samples were moderately 337 

to highly saline, with major ions (e.g., Na, Cl, Mg, and Ca) ranging in concentration 338 

from 7.29 g/L (sample Key8) to 130.3 g/L (sample K34) (Fig. 1; Supplementary 339 

Table S1). Concentrations of barium, strontium, and lithium were elevated in 340 

samples with the highest concentration of major ions (e.g., samples BB137 and 341 

K34). Appalachian Basin produced waters contained primarily sodium and 342 

chloride, with lower concentrations of magnesium and sulfate (Supplementary 343 

Table S1; Supplementary Fig. S2 and S3), a common geochemical signature of 344 

produced waters associated with coalbed methane (CBM) (Van Voast, 2003). 345 

Overall, sample depth did not correlate with salinity, as some shallower samples 346 

had higher salinity compared to deeper samples (Fig. 1).   347 

 348 

Taxonomic identification of Appalachian Basin coal seam produced water 349 

metagenomes and comparison to coal seam metagenomes from geographically 350 

distinct coal basins. 351 

A total of 1.6-4.4 million reads were generated for each sample using high-352 

throughput sequencing of metagenome libraries, with a total of ~351-745 Mbp per 353 

sample (Supplementary Table S2). An initial estimation of microbial community 354 

composition of Appalachian Basin metagenomes was determined using 355 

reconstructed full-length 16S rRNA gene sequences from metagenome 356 
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sequencing reads (Supplementary File 1). The most prevalent taxa included 357 

Methanocalculus halotolerans, Methanoregula formicica, and Methanobacterium 358 

spp., including M. flexile, M. formicicum, M. movans, and M. paludis. Sequences 359 

related to Pseudomonas were found in three metagenome datasets, two most 360 

closely related to Pseudomonas stutzeri, and one most closely related to 361 

Pseudomonas fluorescens. Desulfovibrio was observed in three metagenome 362 

datasets, two most closely related to Desulfovibrio aespoensis, and one most 363 

closely related to Desulfovibrio vulgaris (Supplementary File 1).  364 

Expanding upon 16S rRNA gene taxonomy, we utilized metagenome 365 

sequencing reads to determine relative abundances of microorganisms in each 366 

sample. Taxonomic profiling of metagenome reads revealed that Appalachian 367 

Basin metagenomes contained varied proportions of both Archaea and Bacteria, 368 

with the relative abundance of Archaea >48% in 5 out of 8 samples (Fig. 2). Within 369 

the domain Archaea three major groups of methanogens were detected, including 370 

known acetoclastic and methylotrophic methanogens from the orders 371 

Methanosarcinales and Methanobacteriales, and hydrogenotrophic methanogens 372 

from the order Methanomicrobiales. Members of the order Methanomicrobiales 373 

had the highest representation in most of the samples, with relative abundances 374 

reaching 69% (Fig. 2). The most abundant genus of this group was 375 

Methanocalculus (Ollivier et al., 1998, Mori et al., 2000, Lai et al., 2002, Lai et al., 376 

2004, Zhilina et al., 2013, Sorokin et al., 2015).  377 

In samples where bacterial sequences were dominant (>50% relative 378 

abundance), Proteobacteria had the highest representation. The most abundant 379 



 

17 

classes were Gammaproteobacteria, Alphaproteobacteria, and 380 

Deltaproteobacteria (Fig. 2). Similar bacterial taxa have previously been detected 381 

in other coalbed basins (Strąpoć et al., 2008, Zhang et al., 2015, Barnhart et al., 382 

2016), and crude oil reservoirs (Shelton et al., 2016). Conversely, metagenomes 383 

containing the lowest relative abundances of Bacteria (<40%) had a higher 384 

proportion of members from the Terrabacteria group (Firmicutes, Chloroflexi, and 385 

Actinobacteria), FCB group (Bacteroidetes), and Synergistales.  386 

Next, we compared the Appalachian Basin (AppB) metagenome taxonomy 387 

to metagenome datasets from three geographically distinct coal basins, the Alberta 388 

Basin (AlbB) (Alberta, Canada), San Juan Basin (SJB) (Colorado, USA), and 389 

Powder River Basin (PRB) (Montana, USA) (An et al., 2013, Schweitzer et al., 390 

2022). The Appalachian Basin metagenomes (unassembled reads) were 391 

taxonomically distinct from the Alberta Basin, San Juan Basin, and Powder River 392 

Basin metagenomes (Fig. 2). The relative abundance of Archaea in Appalachian 393 

Basin metagenomes ranged from 1% (sample Key8) to 79% (sample BB137), with 394 

five of the eight samples containing >48%. In contrast, metagenomes from the 395 

Alberta Basin, San Juan Basin, and Powder River Basin had Archaea relative 396 

abundances ranging from 0-10%, with the majority containing 1-2%. Most notably, 397 

Methanomicrobiales were dominant in the majority of Appalachian Basin 398 

metagenomic datasets (41-69% relative abundance), while the Alberta Basin, San 399 

Juan Basin, and Powder River Basin metagenomic datasets contained minor 400 

amounts of Methanomicrobiales (0.1-3% relative abundance) (Fig. 2). Other 401 

notable differences between samples included a higher relative proportion of 402 



 

18 

Methanocella (sample CG19, SJB) Desulfobacterales (Key8, AppB; Terret and 403 

Nance, PRB), Chloroflexi (all PRB samples), Selenomonadales (CG8, SJB), 404 

Desulfovibrionales (CG8, SJB), Thermoanaerobacteriales (CG8 and CG19, SJB), 405 

Campylobacterales (CG13, SJB), Burkholdariales (CO182 and CO183, AlbB), 406 

Rhodocyclales (CO182 and CO183, AlbB; CG19, SJB), Rhizobiales, (Nance and 407 

Flowers-Goodale, PRB) and Rhodobacterales (Trident1560, AlbB). 408 

 409 

Correlation of taxonomy and geochemistry. 410 

Following geochemical characterization of produced water and taxonomic 411 

identification of extant microbial communities, we evaluated potential links 412 

between produced water geochemistry and microbial community composition. 413 

This analysis revealed a statistically significant positive correlation between the 414 

relative abundance of Archaea and salinity (Fig. 1, Supplementary Table S1). 415 

Conversely, a negative correlation was observed between the relative abundance 416 

of Bacteria in metagenome samples and salinity (Fig. 1, Supplementary Table S1). 417 

Specifically, sodium correlated strongly with the relative abundance of Archaea 418 

(R=0.91; P=0.002), and negatively with the relative abundance of Bacteria (R=-419 

0.91; P=0.002). Statistical analysis also suggested a moderate correlation 420 

between Archaea and Mg, Ca, or Cl concentration (R=0.86, 0.81, and 0.86, 421 

respectively). Other cations/anions including Mn, Ni, Co, Zn, Sr, Ba, and Li 422 

followed this trend as well.  423 

 424 

Characterization of metagenome-assembled genomes (MAGs). 425 
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We assembled high-quality paired-end metagenome reads, which yielded 426 

~24,000-149,000 contigs, with a total assembly size of 24.3-109 Mbp 427 

(Supplementary Table S3; Supplementary Figure S4). To assess the quality of 428 

metagenome assembly, metagenome reads were mapped to the assembled 429 

metagenome contigs. The percentage of reads mapping to the metagenome 430 

assembly ranged from 87-94%. Next, contigs from metagenome assemblies were 431 

binned, and metagenome-assembled genomes (MAGs) were reconstructed. 432 

Metagenome reads were then mapped to each individual MAG and ranged from 433 

77-94% (Supplementary Table S4). Metagenome contig binning resulted in the 434 

recovery of 40 MAGs (21 medium- to high-quality MAGs), across 8 metagenomes 435 

(Supplementary Table S5). Archaeal MAGs were represented by a single order 436 

(Methanomicrobiales), while bacterial MAGs spanned five taxa, including 437 

Pseudomonadales, Alteromonadales, Campylobacterales, Desulfobacterales, 438 

Clostridiales, and Rhodobacterales.  439 

 440 

Archaeal MAGs 441 

Metagenome assembly and binning produced ten Methanomicrobiales 442 

metagenome-assembled genomes (MAGs) from seven different samples. Six 443 

were most closely related to Methanocalculus and four were most closely related 444 

to Methanoregula. The Methanocalculus MAGs ranged in size from 2.0 to 2.9 Mbp 445 

and had relative abundances ranging from 5.21% to 68.0% (Supplementary Table 446 

S4). Genome coverage of the six Methanocalculus MAGs (total bases 447 

mapped/total MAG assembly length) ranged from 16.8x to 333x, and order-level 448 
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completeness (Methanomicrobiales) was >97% with <5% contamination 449 

(Supplementary Table S4 and S5). Based upon 16S rRNA gene recovered in the 450 

MAGs, six of the Methanomicrobiales MAGs were most closely related to 451 

Methanocalculus halotolerans SEBR 4845, which originated from a low-452 

temperature biodegraded oil reservoir (Ollivier et al., 1998) (Supplementary Fig. 453 

S5).  454 

The four Methanoregula MAGs had relative abundances ranging from 5.2 455 

to 15.8%. Genome sizes ranged from 2.8-2.9 Mbp, with a genome coverage of 16 456 

to 91x (Supplementary Table S4 and S5). Based on the 16S rRNA gene recovered 457 

from three of the four MAGs, the Methanoregula MAGs were most closely related 458 

to Methanoregula formicica (CP003167), which was isolated from a propionate-459 

degrading enrichment culture of an anaerobic sludge blanket reactor and utilizes 460 

H2/formate as substrates for methanogenesis (Yashiro et al., 2011, Yamamoto et 461 

al., 2014). 462 

Next, we examined the mcrA gene that encodes the methyl coenzyme-M 463 

reductase (Mcr), which performs the terminal step in methanogenesis and is a 464 

robust alternative to 16S rRNA gene analysis for identification and phylogenetic 465 

placement of methanogens (Luton et al., 2002). Identification of full-length McrA 466 

amino acid sequences and subsequent phylogenetic analysis with closely related 467 

methanogens revealed identical placement of the 10 Methanomicrobiales MAGs 468 

into Methanocalculus or Methanoregula clades (Supplementary Fig. S6), similar to 469 

16S rRNA gene sequence analysis. McrA protein sequences were highly 470 
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conserved within the Methanocalculus or Methanoregula MAGs with 97-98% 471 

identity and 99% positives for the full-length protein.   472 

The tight branching of the Methanocalculus or Methanoregula MAGs 473 

suggests that within their respective clades these MAGs are potentially members 474 

of the same species. To further examine their relatedness, whole genome 475 

comparisons using average nucleotide identity (ANI) and average amino acid 476 

identity (AAI) was employed. The Methanomicrobiales MAGs were highly similar 477 

across the Appalachian Basin, with ANI and AAI values >95%, suggesting that five 478 

of the six Methanocalculus MAGs belong to the same species, and three of the 479 

four Methanoregula MAGs belong to the same species (Supplementary Table S6). 480 

Furthermore, the Methanocalculus MAGs were unique compared to other 481 

Methanomicrobiales MAGs from hydrocarbon resource environments (ANI = 86-482 

92%), and more distant with other sequenced Methanomicrobiales 483 

(Supplementary Table S6; Supplementary Fig. S7).  484 

 485 

Bacterial MAGs 486 

Bacterial MAGs were reconstructed from most of the metagenomes and included 487 

Gammaproteobacteria (Pseudomonas, Marinobacter, and Shewanella), 488 

Alphaproteobacteria (Hyphomonas and Roseovarius), Deltaproteobacteria 489 

(Desulfosarcina, and Desulfocapsa), and Epsilonproteobacteria (Acrobacter). 490 

Based upon metagenome read recruitment to each MAG, the Pseudomonas 491 

MAGs had the highest relative abundance (61%), followed by Desulfosarcina 492 

(36%), Shewanella (18%), Desulfocapsa (8.9%), Hyphomonas (4.3%), 493 
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Roseovarius (2%), and Marinobacter (1.9%) (Supplementary Table S4). The 494 

Bacterial MAGs varied in quality, with completeness values ranging from 99% 495 

(Pseudomonas K35) to 58% (Roseovarius L32A) (Supplementary Table S5).  496 

Next, we examined the taxonomic placement of each MAG using 49 497 

universal marker genes. MAGs were grouped with the closest sequenced 498 

genomes, which included Acetobacterium, Desulfocapsa, Pseudomonas, 499 

Marinobacter, Hyphomonas, and Arcobacter (Supplementary Fig. S8). The 500 

Roseovarius L32A MAG, Desulfosarcina Key8 MAG, and the Geobacter K34 MAG 501 

did not have any close relatives.  502 

 503 

Methanocalculus and Methanoregula shape coalbed Archaea populations and are 504 

likely primary contributors to methanogenic activity.  505 

To ascertain the potential role of the Methanomicrobiales MAGs in biogenic 506 

methane production in Appalachian Basin coalbeds, we examined 507 

methanogenesis pathways. Methanogenic archaea can utilize several electron 508 

donors for CO2 reduction, including H2 and formate (hydrogenotrophic), acetate 509 

(acetoclastic), methanol and methyl amines (methylotrophic), and other alternative 510 

substrates, including ethanol, CO, choline, and betaine (Kurth et al., 2020). 511 

Metabolic reconstruction of the Methanocalculus and Methanoregula MAGs 512 

revealed the presence of genes associated with archaeal methane metabolism 513 

(Fig. 3; Supplementary File 2), specifically hydrogenotrophic methanogenesis. 514 

Encoded pathways included the methyl-coenzyme reductase (MCR) complex and 515 

Na+-translocating methyl-H4MPT:coenzyme M methyltransferase 516 
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(mtrABCDEFG). Energy-conserving complexes were present and included 517 

energy-converting hydrogenase (eha) (Methanocalculus), energy-conserving 518 

hydrogenase (echA-F) (Methanoregula), coenzyme F420 hydrogenase (frhABG), 519 

and V-type ATP synthase. All Methanomicrobiales MAGs contain genes encoding 520 

for the CoB--CoM heterodisulfide reductase complex (hdrABC), which is 521 

responsible for cycling of coenzyme M (CoM) and coenzyme B (CoB). The 522 

absence of genes for methyl compound utilization [methanol (mtbA), methylated 523 

amines (mtaA, mttBC, mtbBC), and methyl sulfides (mtsA)], suggests 524 

Methanocalculus and Methanoregula are unable to utilize these compounds as 525 

methanogenic substrates and are most likely hydrogenotrophic methanogens (Fig. 526 

3; Supplementary File 2).  527 

 528 

Potential for hydrocarbon degradation in Appalachian Basin metagenomes and 529 

metagenome-assembled genomes (MAGs). 530 

The conversion of coal into methane requires a variety of microorganisms with 531 

varied metabolisms (Vick et al., 2019, Vick et al., 2019). The initial attack on the 532 

coal to liberate fermentable substrates is considered the rate-limiting step, which 533 

is achieved by hydrocarbon-activating (degrading) bacteria and methanogens 534 

(Strąpoć et al., 2008, Jones et al., 2010, Kleinsteuber et al., 2012). Polycyclic 535 

aromatic hydrocarbons (PAHs) are a major constituent in coalbed production water 536 

and PAH-degrading microorganisms are prevalent in coal reservoirs (Penner et 537 

al., 2010, Meslé et al., 2013). Hydrocarbon degradation pathways were present in 538 

all metagenomes, though samples containing a higher relative abundance of 539 
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Bacteria sequences had a higher normalized proportion of hydrocarbon 540 

degradation pathways (Fig. 1). Specifically, many but not all metagenomes 541 

encoded for toluene degradation (toluene→benzoate), biphenyl degradation 542 

(biphenyl→benzoate), benzoate degradation (benzoate→catechol), and 543 

naphthalene degradation (naphthalene→catechol) (Fig. 4; Supplementary Fig. S9-544 

S11). Pathways for conversion of catechol to acetyl-CoA/succinyl-CoA (catechol 545 

ortho-cleavage) or acetyl-CoA (catechol meta-cleavage) were present in many of 546 

the metagenome samples (Fig. 4; Supplementary Fig. S10 and S12). The 547 

anaerobic conversion of toluene to benzoyl-CoA (addition of fumarate) was 548 

encoded in four of the metagenomes (Key8, Key7, P21, and BB137) (Fig. 4; 549 

Supplementary Fig. S13). 550 

Detailed examination of Appalachian Basin MAGs revealed the potential for 551 

hydrocarbon degradation. Specifically, Hyphomonas and Marinobacter encode for 552 

phenol hydroxylase, with the potential to convert benzene to catechol. 553 

Marinobacter, Hyphomonas, and Roseovarius encode for the ability to convert 554 

toluene to benzoate, while the three Pseudomonas MAGs encode for benzoate 555 

1,2-dioxygenase for conversion of benzoate to methylcatechol (Fig. 4; 556 

Supplementary File 2). Pathways for the degradation of benzoate, biphenyl, and 557 

catechol, as well as n-alkane hydroxylation and beta oxidation were encoded by 558 

the Roseovarius MAG. Furthermore, catechol, phenylacetate, and 2-559 

oxopentanoate degradation, as well as the ortho-cleavage pathway, were encoded 560 

by the Hyphomonas MAG (Fig. 4; Supplementary File 2). 561 

 562 
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Factors influencing microbial survival and persistence in Appalachian Basin 563 

coalbeds. 564 

Members of the Methanocalculus genus have previously been found to 565 

tolerate up to 12% NaCl (120 g/L) (Ollivier et al., 1998). The Appalachian Basin 566 

Methanocalculus MAGs were recovered from produced water containing salinities 567 

up to 130.3 g/L, therefore we examined potential pathways for saline tolerance. 568 

Saline tolerance is achieved through a variety of mechanisms, involving salt 569 

accumulation (K+ or Cl-) (i.e., salt-in strategy), or accumulation/synthesis of organic 570 

solutes, such as glycerol, glycine-betaine, ectoine, and trehalose (Oren, 2008). 571 

The Methanocalculus MAGs encoded for genes responsible for compatible solute 572 

transport [glycine/betaine (opu)] but lacked genes for compatible solute production 573 

and salt-in strategies (Supplementary File 2).  Pathways for saline tolerance in 574 

Methanoregula were less defined, with three of the four MAGs encoding a few 575 

subunits of the glycine/betaine ABC transport system (otaB, otaC, and opuAC) and 576 

a sodium/glycine symporter (glyP).  577 

Although a negative correlation between bacterial relative abundance and 578 

anion/cation concentration was evident, saline tolerance pathways utilizing the 579 

salt-in strategy or proline biosynthesis were present in the Bacteria MAGs. Salt-in 580 

strategies include 2-component system OmpR family sensor histidine kinase 581 

(Pseudomonas, Acetobacterium, Hyphomonas), K+ transporting ATPase 582 

(Pseudomonas, Acetobacterium, Hyphomonas), Na+:H+ antiporter 583 

(Pseudomonas, Acetobacterium, Desulfosarcina, Desulfocapsa, Hyphomonas, 584 

Arcobacter, Marinobacter, Shewanella), and KtrAB potassium uptake system 585 
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(Pseudomonas, Acetobacterium, Arcobacter, Shewanella). Furthermore, 586 

Pseudomonas MAGs potentially utilize compatible solute production, as pathways 587 

for trehalose biosynthesis and ectoine biosynthesis were present (Supplementary 588 

File 2).  589 

 Viral immunity through CRISPR-Cas systems contributes to microbial 590 

persistence in subsurface environments (Daly et al., 2016). Examination of our 591 

Appalachian Basin MAGs revealed the presence of CRISPR-Cas systems in 13 of 592 

the 21 highest quality MAGs (Supplementary Table S7). Methanocalculus MAGs 593 

had the greatest number of CRISPR-Cas proteins (17-48), followed by the 594 

Desulfocapsa Key8 MAG (19), the Desulfosarcina Key8 MAG (18), and the 595 

Arcobacter L32A MAG (11). The remaining MAGs contained 2 or less CRISPR-596 

Cas proteins. Specifically, the Methanocalculus MAGs encoded for various 597 

CRISPR-Cas subtypes, including Subtype 1-A, Subtype 1-C, Subtype 1-D, 598 

Subtype 1-E, Subtype II-B, Subtype III-A, Subtype III-B, and universal Cas proteins 599 

Cas1 and Cas2. Of the MAGs encoding for CRISPR-Cas proteins, the number of 600 

CRISPR repeats and CRISPR spacers for all Appalachian Basin MAGs was 601 

varied, ranging from 16-157 repeats and 14-150 spacers (Supplementary File 3). 602 

To determine if the higher number of CRISRP-Cas proteins was due to a 603 

common feature of the Methanocalculus genus or a specific adaptation to our 604 

coalbed strains, we examined nine Methanocalculus MAGs from various 605 

environments alongside the six Appalachian Basin Methanocalculus MAGs. For 606 

each MAG, the total number of sequences annotated as CRISPR-Cas sequences 607 

was normalized to genome size (number of CRISPR-Cas sequences/genome 608 
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size*1,000,000). The Appalachian Basin Methanocalculus MAGs had a total 609 

number of normalized CRISPR proteins ranging from 8.4 to 17.7. Similarly, MAGs 610 

that originated from an oil reservoir (Methanocalculus 52_23), or an anoxic soda 611 

lake sediment (Methanocalculus MSAOArc2) contained the most normalized 612 

CRISPR-Cas proteins (17.7 and 24.3, respectively), while others from anaerobic 613 

digesters or sedimentary rock encoded for fewer normalized CRISPR-Cas proteins 614 

(0-6.6).  615 

  616 

Discussion 617 

We sampled coalbed produced water from the Appalachian Basin, which included 618 

eight geographically distinct CBM wells in Southwestern Pennsylvania, West 619 

Virginia, and Virginia. Samples originated from wells with various depths (796 feet 620 

to 2,578 feet) and contained a wide range of salinities (7.6 g/L to 130.3 g/L). We 621 

found a strong correlation between Archaeal sequences and salinity, and a 622 

negative correlation between Bacterial sequences and salinity. We recovered over 623 

40 metagenome-assembled genomes (MAGs), with most samples containing 624 

MAGs from the order Methanomicrobiales. Within the Methanomicrobiales, five 625 

MAGs from the Methanocalculus genus and three from the Methanoregula genus 626 

exhibited species-level overlap (ANI >95%). In contrast, the bacterial populations 627 

were taxonomically more diverse than the Archaea population, with MAGs related 628 

to Pseudomonas, Desulfocapsa, Desulfosarcina, Hyphomonas, Roseovarius, 629 

Arcobacter, Marinobacter, and Shewanella.  630 
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Methanomicrobiales are hydrogenotrophic methanogens inhabiting a 631 

variety of environments, including marine and freshwater sediments (Liu & 632 

Whitman, 2008), deep sand aquifers (Katayama et al., 2015), oil sands reservoirs 633 

(Hubert et al., 2012) and coalbed environments across the United States and 634 

abroad (Strąpoć et al., 2008, Gallagher et al., 2013, Zhang et al., 2015, Beckmann 635 

et al., 2019). Methanocalculus spp. dominated most of the Appalachian Basin 636 

coalbed methane archaeal community and while our MAGs were distinct from 637 

other sequenced Methanocalculus spp., this genus has been observed in the 638 

planktonic communities of coal microcosms from the Sydney Basin (Vick et al., 639 

2019, Vick et al., 2019), microbial communities from Indonesian coals (Susilawati 640 

et al., 2015), produced water samples from the San Juan Basin (An et al., 2013), 641 

and Powder River Basin metagenomes (Schweitzer et al., 2019).  642 

Common coalbed community functions (e.g., hydrocarbon degradation) are 643 

encoded by a diverse set of microorganisms, with functional redundancies across 644 

taxa (Vick et al., 2019). Specifically, microorganisms from coal enrichment cultures 645 

from the Bowen, Surat, Sydney coal basins of eastern Australia, including 646 

Chelatococcus, Citrobacter, Pseudomonas, Marinobacter, and Thauera spp. 647 

encode for aromatic hydrocarbon degradation genes/pathways (e.g., benzoate, 648 

benzene, toluene) (Vick et al., 2019). These communities were markedly different 649 

from hydrocarbon degrading communities of the Powder River Basin, (Chlorflexi, 650 

Bacteroidetes, and Geobacter) (McKay et al., 2022), and the Appalachian Basin 651 

(Pseudomonas, Marinobacter, Hyphomonas, and Roseovarius), though a few 652 

similar taxa are found across coal basins (e.g., Pseudomonas and Marinobacter).  653 
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Environmental factors, such as salinity, coal rank (maturity), and depth, are 654 

known to play a key role in shaping the taxonomic distribution of subsurface 655 

microbial communities (Lozupone & Knight, 2007, Morrissey & Franklin, 2015, 656 

Hoehler et al., 2018). In the Appalachian Basin, the persistence of 657 

Methanocalculus and accompanying bacterial taxa may be influenced by several 658 

factors, namely substrate availability, salinity, and viral predation. Due to the 659 

inherent carbon complexity of coal seam environments, the type and variety of 660 

available fermentable substrates will drive intermediate formation, and thus 661 

contribute to the emergence of various taxa (Vick et al., 2019). Specifically, Vick 662 

and coworkers observed a successional pattern of Methanocalculus abundance, 663 

where abundances increased rapidly over time and then abruptly dropped. It was 664 

hypothesized that a limited resource or intermediate was utilized as it was slowly 665 

liberated from the coal surface (Vick et al., 2019). For example, in the Powder River 666 

Basin, acetate is a key intermediate for biological conversion of coal to methane 667 

(McKay et al., 2022). Microbial communities from the Appalachian Basin were 668 

markedly different than the Powder River Basin and no genomic evidence was 669 

found to support acetoclastic methanogensis, suggesting an alternative 670 

mechanism is employed. Based upon our findings, we hypothesize that the 671 

dominance and genomic conservation of Methanocalculus MAGs and the diversity 672 

of the bacterial population in Appalachian Basin samples, is driven, in part, by the 673 

available methanogenic substrates at the time of sampling (Waldron et al., 2007). 674 

 Methanogenesis is influenced by salinity in coal environments (Kirk et al., 675 

2015), and we found a positive correlation between Archaea relative abundance 676 
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and salinity and a negative correlation between Bacteria relative abundance and 677 

salinity in Appalachian Basin coal seam samples (Supplementary Table S1). It is 678 

unknown whether this correlation is due to a) the saline tolerance mechanisms 679 

employed in Archaea versus Bacteria, or b) a correlation between salinity and 680 

carbon availability. Salinity tolerance mechanisms were found in both Archaeal 681 

MAGs and Bacterial MAGs. However, the mechanisms by which this is achieved 682 

varied between the two groups. For example, the Methanomicrobiales MAGs 683 

encoded for pathways specific to compatible solute transport, specifically 684 

glycine/betaine transport and utilization, while the Bacterial MAGs likely employ a 685 

salt-in strategy or rely on biosynthesis of proline (Fichman et al., 2015). Carbon 686 

substrate content was not measured in this study, however, hydrocarbon 687 

degradation potential in saline environments decreases due to the salting out 688 

effect. Namely, the solubility of hydrocarbons decreases as salinity increases, and 689 

in the case of coal seams, becomes adsorbed to the coal and subsequently less 690 

bioavailable (Margesin & Schinner, 2001). This may have resulted in a secondary 691 

effect, in which the salinity was an indicator of carbon availability, and carbon 692 

availability was the actual driver for the microbial community composition.  693 

Similar to other subsurface environments we found evidence of CRISPR-694 

Cas systems, primarily Type 1 CRISPR-Cas machinery, which are responsible for 695 

viral immunity (Daly et al., 2016).  Specifically, CRISPR-Cas machinery was found 696 

in all Methanocalculus MAGs, while only three bacterial MAGs encoded for a 697 

CRISPR-Cas system (Arcobacter, Desulfocapsa, and Desulfosarcina) 698 

(Supplementary File 3). Daly et al. suggest a high viral predation drove adaptability 699 
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in the subsurface environment that selected for resilient microorganisms (Daly et 700 

al., 2016). Interestingly, Daly et al. also found a predominance of primarily Type 1 701 

of the CRISPR-Cas machinery that we find in our system.  A similar mechanism 702 

may be operational for microbial persistence in Appalachian Basin coal seams, 703 

with Methanocalculus MAGs harboring the most CRISPR-Cas proteins, spacers, 704 

and repeats, though further work is needed to understand how viral defense 705 

correlates to microbial persistence in subsurface coal seams.  706 

 707 

 708 

Conclusions. 709 

Taxonomic characterization of Appalachian Basin coalbed produced water 710 

metagenomes, combined with genome-resolved microbial metabolisms of 711 

subsurface coalbed systems, revealed abundant populations 712 

(Methanomicrobiales) that were highly similar (low diversity) and ubiquitous within 713 

the Appalachian Basin, suggesting biogenic methane production proceeds mainly 714 

through hydrogenotrophic methanogenesis pathways. Appalachian Basin coal 715 

seam microbial communities were comprised of distinct microbiological 716 

assemblages compared to other coal basins, and our findings suggest novel 717 

microbial assemblages are driven, in part, by salinity and the complexity and 718 

availability of carbon substrates. The data presented herein provides novel insights 719 

into Appalachian Basin microbial ecology, and our findings provide new 720 

perspectives into potential pathways for biogenic methane production in 721 

Appalachian Basin coalbeds.  722 
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 993 

Figure 1. Read-based taxonomy profiling, and geochemistry of eight 994 

Appalachian Basin produced water samples. A) Kingdom-level taxonomy of 995 

coal seam metagenomes from unassembled sequencing reads. B) Major ions 996 

found in produced water samples. C) Normalized number of reads mapping to 997 

hydrocarbon degradation pathways. D) Depth profile of produced water samples. 998 

A positive correlation was observed between Archaea relative abundance (A) and 999 

salinity (B) within each sample, and a negative correlation was observed between 1000 

Bacteria relative abundance (A) and salinity (B) (Supplementary Table S1). 1001 
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1003 

Figure 2. Taxonomic comparison of coalbed methane metagenomes. Order-1004 

level taxonomy of eight Appalachian Basin metagenomes were compared to 1005 

coalbed methane metagenomes from the Alberta Basin, Powder River Basin, and 1006 

San Juan Basin. The relative abundances of each order were determined with 1007 

unassembled metagenome reads using Kaiju. Relative abundances were 1008 

calculated based upon the percentage of classified reads for each sample.  1009 

1010 
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 1011 

Figure 3. Select metabolic pathways found in the Methanomicrobiales MAGs.  1012 

Genes/pathways found in Methanocalculus MAGs (yellow), Methanoregula MAGs 1013 

(blue), both (black), or neither (grey). Details for genes and corresponding proteins 1014 

they encode can be found in Supplementary File 2. 1015 
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 1017 

Figure 4. Overview of select hydrocarbon degradation pathways encoded in 1018 

Appalachian Basin metagenomes/MAGs. Unassembled metagenome reads 1019 

(squares), or metagenome-assembled genomes (circles) were examined for the 1020 

presence of hydrocarbon degradation pathways, including toluene, biphenyl, 1021 

benzoate, and naphthalene degradation. Catechol meta- and ortho-cleavage 1022 

pathways were also examined. Metagenome samples are denoted as follows: 1023 

Key8 (red), Key7 (orange), K34 (yellow), K35 (green), P21 (blue), BB137 (violet), 1024 

MC79 (black), and L32A (grey). MAGs are denoted as follows:  Pseudomonas 1025 

MC79 (black), Pseudomonas Key8 (red), Pseudomonas K35 (green), 1026 

Marinobacter L32A (grey/orange), Hyphomonas L32A (grey/black), and 1027 

Roseovarius L32A (gray).  1028 
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